One sentence summary: A membrane transporter required for 3-hydroxybutyrate uptake as a carbon and energy source during the early sporulation stage and subject to glucose repression in Bacillus subtilis has been identified. Editor: Simon Silver
INTRODUCTION
The soil bacterium Bacillus subtilis responds to the extreme nutrient limitation by forming a dormant endospore within the mother cell. After the lysis of the mother cell, the mature spore is released, allowing the organism to survive in the harsh environments (Higgins and Dworkin 2012; McKenney, Driks and Eichenberger 2013; Tan and Ramamurthi 2014) . Sporulation is an energy-requiring process. During the early sporulation stage, the sigma factor SigE in the mother cell turns on hundreds of genes, including those for uptake and utilization of extracellular hexuronates (exuT, uxaA, uxaB and uxuA) (Mekjian et al. 1999; Eichenberger et al. 2003 Eichenberger et al. , 2004 Feucht, Evans and Errington 2003) . Hexuronates are degradation products of pectin, a constituent of plant cell walls. At the early sporulation stage, hexuronates can be imported via the transporter ExuT into the mother cell and metabolized as a carbon and energy source (Mekjian et al. 1999) .
Poly(3-hydroxybutyrate) (PHB) is a polyester that is intracellularly synthesized as a carbon and energy storage material by a wide variety of bacteria in response to nutritional imbalance (Lenz and Marchessault 2005) . Under famine conditions, the intracellularly stored PHB is enzymatically hydrolyzed to the monomeric 3-hydroxybutyrate (3HB) (Jendrossek and Handrick 2002; Tokiwa and Calabia 2004) . 3HB can be further metabolized by bacteria as a carbon and energy source (Takanashi and Saito 2006) . The intracellularly stored PHB can also be released into the environment due to bacterial cell death and lysis, and then degraded by extracellular PHB depolymerases to generate 3HB (Jendrossek and Handrick 2002; Tokiwa and Calabia 2004) . A variety of soil bacteria can import and utilize extracellular 3HB as a carbon and energy source. However, the membrane transporter responsible for the uptake of 3HB has not yet been identified. Bacillus subtilis does not possess genes that can synthesize PHB as a storage material, whereas its genome encodes enzymes [succinyl-CoA:3-ketoacid CoA-transferase subunit A (ScoA), subunit B (ScoB) and 3HB dehydrogenase (Hbd); National Center for Biotechnology Information (NCBI) annotation] that can metabolize 3HB (Barbe et al. 2009 ), implying their roles in metabolism of exogenous rather than endogenous 3HB as a carbon and energy source. The previously not studied yxjC gene, which is located immediately upstream of scoA, encodes a putative gluconate transporter GntT-type membrane transporter (NCBI annotation; GenBank accession number: NP 391779) with an unknown function (Barbe et al. 2009) . yxjC, scoA, scoB and hbd constitute an operon responding to catabolite control protein (CcpA) regulation (Miwa et al. 2000; Yoshida et al. 2000; Nicolas et al. 2012) . Expression of the yxjC operon is also known to be under the control of SigE (Eichenberger et al. 2003; Feucht, Evans and Errington 2003) . In this study, we attempted to use B. subtilis to identify the 3HB transporter for the first time.
MATERIALS AND METHODS

Strains, plasmids, oligonucleotides, media and growth conditions
The bacterial strains and plasmids used in this study are listed in Table S1 (Supporting Information). The oligonucleotide primers are listed in Table S2 (Supporting Information). Escherichia coli DH5α, which was used as a host for cloning purposes, was grown in Luria-Bertani (LB) medium containing 10 g/l tryptone, 5 g/l yeast extract and 5 g/l NaCl. Bacillus subtilis cells were grown at 37
• C in nutrient sporulation medium [8 g/l Bacto nutrient broth 
Construction of plasmids
To construct plasmids pGS1601, pGS1759 and pGS1984 for the disruption of ccpA, hbuT and sigE, respectively, DNA fragments were amplified by PCR with primer pairs T36 plus R905, R970 plus R999 and T920 plus T921 (Table S2 , Supporting Information), respectively, and then cloned individually between
HindIII and BamHI sites of the thermosensitive plasmid pRN5101 (Fedhila et al. 2002) . To construct plasmid pGS1963, which carries a transcriptional fusion of the regulatory region of hbuT with bgaB (encoding a thermostable β-galactosidase), a DNA fragment was amplified by PCR with the primer pair T385 plus R447 (Table S2, Supporting Information) and then cloned between EcoRI and BamHI sites of the integrative promoter probe vector pDL (Yuan and Wong 1995) . To construct plasmid pGS2062, which carries the regulatory region of hbuT transcriptionally fused to lacZ, a DNA fragment was amplified by PCR with the primer pair T385 plus R447 (Table S2, Supporting Information) and then cloned between EcoRI and BamHI sites of pDG1661 (Guerout-Fleury, Frandsen and Stragier 1996) .
The correctness of sequences of PCR-amplified DNA fragments was verified by DNA sequencing.
Construction of strains with a bgaB fusion or a lacZ fusion integrated at the amyE locus
Competent cells of B. subtilis were prepared and transformed by pDL-or pDG1661-derived integrative plasmids as described (Contente and Dubnau 1979) . Transformants were selected by growth on chloramphenicol-containing LB agar plates. Correct integrants were screened by the method of O'Kane, Stephens and McConnell (1986) .
Construction of disruption mutants of B. subtilis
Disruption of the chromosomal ccpA, hbuT and sigE gene by integration of pGS1601, pGS1759 or pGS1984, respectively, through single-crossover recombination was performed as described (Fedhila et al. 2002) . The integration plasmid was introduced into B. subtilis cells by the method of Contente and Dubnau (1979) . The correctness of integrants was verified by PCR.
Preparation of [ 14 C]-PHB and [ 14 C]-3HB
Bacillus megaterium cells were grown at 37
• C in 150 ml of LB medium containing 10 g/l sodium acetate and 600 μl of [ 14 C]-sodium acetate (50 mCi/mmol; 600 μCi) for 10 h. Isolation of [ 14 C]-PHB from sonicated cells was performed according to a procedure which involves sodium hypochlorite digestion and solvent extraction with acetone-ether (2:1, vol/vol) as described (Delafield et al. 1965) . Isolated [ 14 C]-PHB was then hydrolyzed at 100
• C in 2 ml 0.5 N NaOH for 10 min to obtain a transparent solution. After being cooled to room temperature, the solution was neutralized with 6 N HCl to pH 7.5 and stored at -20 on the basis of the methods described (Yu et al. 2007; Gruteser et al. 2012) , but with modifications. Briefly, cells were grown at 37
• C in nutrient sporulation medium to an OD 600 nm of 1.9
(approximately 8 h). Aliquots (1 ml) of cells were harvested by centrifugation and then incubated at 37
• C with 550 μM [ 14 C]-3HB in 1 ml 0.1 mM phosphate buffer (pH 7.0). After filtration through filter membranes (Millipore, 0.45 μm pore diameter) to collect cells, the filter membranes were carefully washed with cold phosphate buffer. A sample without cells was used to measure nonspecific adsorption of [ 14 C]-3HB to the filter membrane. The radioactivity of cells collected on the filter membranes was quantified by scintillation counting. The number of colonyforming units in each sample was determined by colony counting after serial dilutions of the sample, plating on LB agar and overnight incubation at 37
• C.
Preparation of PHB and 3HB
Preparation of PHB and subsequent generation of 3HB was carried out by the same procedure as that used for preparation of 
Assays of activities of BgaB and LacZ
Activity of the thermostable β-galactosidase BgaB was measured as described (Schrogel and Allmansberger 1997) , but with modifications (Tseng and Shaw 2008) . Activity of the β-galactosidase LacZ was measured as described (Miller 1972) .
RESULTS AND DISCUSSION
The HbuT transporter is responsible for the uptake of 3HB in B. subtilis cells
The B. subtilis yxjC (herein renamed hbuT) gene encodes a putative membrane protein of 472 amino acids with 9 potential transmembrane helices (predicted by TMHMM Server v. 2.0, http://www.cbs.dtu.dk/services/TMHMM). Given that hbuT is organized within the same operon with genes that can be used for the metabolism of 3HB (see above; Fig. 1a ), we proposed that HbuT might be responsible for the uptake of 3HB in B. subtilis cells. As transcription of the B. subtilis hbuT gene can be driven by a σ E promoter and formation of the active form of SigE occurs at the early sporulation stage (Mekjian et al. 1999; Eichenberger et al. 2003 Eichenberger et al. , 2004 Feucht, Evans and Errington 2003) , B. subtilis cells were grown in nutrient sporulation medium to examine its ability to import 3HB. When the wild-type B. subtilis was cultured for 8 h, the levels of [ 14 C]-3HB uptake increased with the incubation time (Fig. 1b) . In contrast, the cells cultured for only 4 h showed only low levels of [ 14 C]-3HB (Fig. 1b) . This was probably because SigE was not yet expressed or activated at this growth stage, thus rendering HbuT unavailable for uptake of 3HB. A disruption mutant of hbuT was next constructed and cultured in nutrient sporulation medium. The null mutant of hbuT exhibited a marked reduction in [ 14 C]-3HB uptake when compared with the wild-type B. subtilis (Fig. 1c) , indicating that HbuT is responsible for the uptake of 3HB in B. subtilis cells.
Effect of the null mutation of sigE on uptake of 3HB
The chromosomal sigE was also disrupted to examine its effect on uptake of 3HB in B. subtilis cells. The null mutation of sigE reduced uptake of [ 14 C]-3HB to levels significantly lower than those observed for the null mutation of hbuT (Fig. 1c) , implying that, despite the fact that the SigE-controlled HbuT transporter plays Bacillus subtilis cells were grown to an OD600 nm of 1.9 (approximately 8 h). [ 14 C]-3HB uptake was assayed as described in Fig. 1b . Circles, the wild-type B. subtilis; squares, the hbuT mutant; triangles, the sigE mutant. (d) Effect of disruption of sigE on expression of the hbuT promoter region-bgaB fusion. The transcriptional fusion of the promoter region of hbuT to bgaB (pGS1963) was integrated at the amyE loci of the wild-type B. subtilis and the sigE mutant. Cells were grown in nutrient sporulation medium for various time periods (as indicated) followed by harvesting for BgaB activity assays. Circles, no disruption; squares, disruption of sigE. Each value shown in (b) to (d) is the mean ± SD of three independent experiments. a major role in 3HB uptake, other SigE-controlled transporter(s) may also possibly have a minor contribution to 3HB uptake.
Mutation of sigE abolished expression of hbuT-bgaB
Given that transcription of the exuT gene, which codes for a hexuronate transporter, can be driven by both a σ A promoter and a σ E promoter in B. subtilis (Mekjian et al. 1999) , we wondered whether transcription of hbuT could also be driven by other promoter(s) than σ E . Inspection of the nucleotide sequence of the regulatory region of hbuT revealed no potential σ A promoter sequence. To investigate whether SigE is the sole sigma factor that controls hbuT expression in nutrient sporulation medium, a transcriptional fusion of the regulatory region of hbuT to the reporter gene bgaB (pGS1963) was constructed and integrated at the amyE loci of the wild-type B. subtilis and the sigE mutant.
The hbuT-bgaB fusion was expressed in the wild-type B. subtilis grown in nutrient sporulation medium, whereas its expression was totally abolished in the sigE mutant (Fig. 1d) . We conclude that hbuT expression in nutrient sporulation medium is under the sole control of SigE.
Uptake of 3HB by the HbuT transporter occurred in a specific manner
To demonstrate the specificity of transport of 3HB 
Glucose repressed 3HB uptake in a CcpA-dependent manner
To examine whether 3HB uptake by B. subtilis cells would be subject to glucose repression, the wild-type B. subtilis was grown in nutrient sporulation medium for 4.5 h followed by addition of 20 g/l glucose. Cells were further cultured for another 3.5 h followed by [ 14 C]-3HB uptake assays. Glucose addition could repress [ 14 C]-3HB uptake (Fig. 2a) . The effect of glucose addition on expression tilis or (c) the ccpA mutant. Cells were grown in nutrient sporulation medium for 4.5 h, and then the culture was split into two halves. One half was left untreated (circles), while the other half was treated with glucose at a final concentration of 20 g/l (squares). Cells were further cultured for another 3.5 h before harvesting. Uptake of [ 14 C]-3HB by cells was assayed as described in Fig. 1(c) . Effect of glucose addition on expression of (b) the hbuT promoter region-lacZ fusion or (d) the hbuT-lacZ fusion in the ccpA mutant. Cells were grown in nutrient sporulation medium for various time periods (as indicated) before harvesting for BgaB activity assays. After growing for 4.5 h (indicated by an arrow), the cell culture was split. One half was left untreated (circles), while the other half was treated with glucose at a final concentration of 20 g/l (squares). Cells was continued to be cultured for the rest of times before harvesting. Each value shown is the mean ± SD of three independent experiments.
of the hbuT-lacZ fusion was also tested. Glucose addition completely repressed expression of the hbuT-lacZ fusion (Fig. 2b) .
To explore whether glucose repression of 3HB uptake would be mediated through CcpA, the ccpA disruption mutant BM1034 was constructed. In the ccpA mutant, glucose addition could not repress [
14 C]-3HB uptake (Fig. 2c) . The ccpA mutant strain also did not show glucose repression of hbuT-lacZ expression (Fig. 2d) . We conclude that glucose repression of both 3HB uptake and hbuT expression is mediated through CcpA.
hbuT expression was not induced by exogenous 3HB
To investigate whether 3HB could induce hbuT expression, B. subtilis cells carrying the hbuT-bgaB fusion were grown in nutrient sporulation medium for 2 h followed by treatment with 4 mM 3HB (Fig. S1 , Supporting Information). hbuT expression was not induced by the addition of 3HB to the culture medium (Fig. S1 , Supporting Information).
Bacillus subtilis could not utilize 3HB as a sole carbon source
Whether the wild-type B. subtilis could utilize 3HB as a sole carbon source for cell growth was next investigated. Wild-type B. subtilis cells, which grew with a doubling time of about 60 min at 37
• C in modified M9 minimal medium containing 4 g/l glucose as the sole carbon source, did not grow within 24 h when 4 g/l 3HB was substituted for glucose as the sole carbon source (data not shown). In summary, the 3HB transporter has been identified in B. subtilis. Its gene homologs are present in a wide variety of Gram-positive Bacillus species, some Gram-negative Acinetobacter species and a small group of other bacteria (Fig. 3) . hbuT expression in B. subtilis cells grown in nutrient sporulation medium is under the sole control of SigE and cannot be further induced by 3HB. Uptake of 3HB by the SigE-controlled HbuT transporter apparently occurs at the early sporulation stage. It is noteworthy that, in addition to the hexuronate transporter ExuT and the 3HB transporter HbuT, the glutamine transporter GlnQHMP and a putative peptide transporter YclF also belong to the SigE regulon of B. subtilis (Eichenberger et al. 2003 (Eichenberger et al. , 2004 Feucht, Evans and Errington 2003; Steil et al. 2005) . This implies that these solutes are either well needed or easily accessible by B. subtilis cells at the early sporulation stage in which SigE is active. When intracellularly generated 3HB is released into the environment by PHB-producing bacteria under harsh conditions where B. subtilis cells may undergo sporulation, this provides a good opportunity for B. subtilis to import 3HB through SigE-controlled HbuT transporter and avoid wasting energy to synthesize HbuT under conditions where 3HB is not available. The hbd genes at other loci of the genomes of some bacteria are separated from the hbuT genes by dotted lines. Overall amino acid sequence identities between B. subtilis HbuT and its homologs in other bacteria were obtained with the EMBOSS Needle program (http://www.ebi.ac.uk/Tools/psa/emboss needle) using the PAM70 matrix to calculate the scores. GenBank accession numbers for sequences of HbuT and its homologs: A. baumannii, ACC57085; A. calcoaceticus, KJH64393; A. oleivorans, ADI90896; A. ursingii 
